TM combines good corrosion resistance with high strength. This steel has good deformability in austenitic conditions. It belongs to the group of metastable austenites, which means that during deformation a strain-induced transformation into martensite takes place. After deformation, transformation continues as a result of internal stresses. Both transformations are stress-state and temperature dependent. A constitutive model for this steel has been formulated, based on the macroscopic material behaviour measured by inductive measurements. Both the stress-assisted and the strain-induced transformation into martensite have been incorporated in this model. Path-dependent work hardening has also been taken into account. This article describes how the model is implemented in an internal Philips FE code called CRYSTAL, which is a dedicated robust and accurate finite element solver. The implementation is based on lookup tables in combination with feed-forward neural networks. The radial return method is used to determine the material state during and after plastic flow, however, it has been extended to cope with the stiff character of the partial differential equation that describes the transformation behaviour.
INTRODUCTION
Metastable austenites can undergo two types of transformation: stress-assisted and strain-induced transformation. Because both types of transformation depends on temperature and hydrostatic stress, it is impossible to use analytical models. In recent years, a material model has been developed that describes this complex behaviour of maraging steel sufficiently accurate. This has led to the use of a flexible method to describe material behaviour in a general sense, the so-called Lookup table method, which will be explained below.
Most material models in the field of metal forming, are based on experimental determined relations that can be expressed as:
with σ Y the flow stress, ε p the equivalent plastic strain, ε p the equivalent plastic strain rate, and T the (absolute) temperature. The derivative of the flow stress with respect to time can be written as:
The partial derivatives in (2) are now replaced by values obtained from lookup tables. From (1) and (2) it follows that:σ
Complex materials such as Sandvik Nanoflex TM require more internal state variables, such as the martensite content ϕ. In a general sense, the time derivative of an arbitrary state variable such as p i (called the depending state variable) can be written as (when using the Einstein convention:ṗ
The rate form has been selected to ensure correct implementation of possible path-dependent processes. As can be seen from (4), the rate of p i (i.e., the depending state variable) equals the sum of the rate of the defining state variables p j multiplied by table values Lup ij , which in turn are determined by the values of the dimensional state variables from which the Lookup tables are constructed. This flexible material modelling method has been implemented in the dedicated Philips finite element solver called CRYSTAL. The Lookup tables provide the constitutive behaviour through rather large data sets. An interesting way of making more efficient use of the flexible material model in CRYSTAL could be to use neural networks, with each neural network replacing a Lookup table. Recall the definition of a feed-forward neural network:
This is a general definition, irrespective of the architecture of the network (e.g., number of neurons, layers, etc.). Now, if the lookup tables are replaced by neural networks, it follows from (4) and (5) that:
Lookup tables can therefore be simply exchanged by neural networks or a combination of the two can be used.
THE MATERIAL MODEL FOR SANDVIK NANOFLEX
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TM belongs to the category of metastable austenitic stainless steels. It is also a precipitation hardenable steel, which means that the martensite phase can be aged [1, 2] . For the chemical composition, see Table 1 .
Depending on the stability of the steel, two phenomena occur:
• a stress-assisted transformation, below the flow stress of the composite, • a strain-induced transformation, above the flowstress of the composite at higher temperatures above the martensite start temperature M σ s . These transformations are stress state and temperature dependent.
Strain-induced transformation
The following equation is used to describe the straininduced transformation:
where ϕ is the martensite content and C strain is a function that describes the dependence of the transformation on the temperature T , hydrostatic stress σ H and material structure Z. The parameter Z is depends on the annealing conditions before metal forming, the chemical composition and crystal orientation and is treated as a constant for this study, C strain is related to the thermodynamics of the transformation. As an example the implementation of C strain is written as:
In Figures 1 and 2 , the simulated and measured flowstress and martensite content are depicted as function of the equivalent plastic strain rateε p . The values n 1 and n 2 are fit constants, D 1 is related to the nucleation of the transformation and f is the saturation value of the transformation. In both figures, the most left lines correspond to a temperature of 223 K whereas the most right lines correspond to 423 K. 
Stress-assisted transformation
The description of the stress-assisted transformation is based on [3] , but rewritten in a more general form:
where C stress is a function that describes the dependence of transformation on hydrostatic stress, temperature and material structure. Figure 3 shows the stress assisted transformation after plastic pre-straining (resulting in 50% martensite), as function of the imposed stress level.
For the total martensite content we finally get:
ϕ =φ stress +φ strain (10) 
Work hardening
For this study it is assumed that the work hardening depends on plastic strain, martensite content, temperature, and the influence of strain rate. The flow stress of austenite (i = 1) and martensite (i = 2) is written as:
Here, σ 0 is the basic stress which depends on strain rate and temperature, Y is the general dislocation density for one phase,ε p is the equivalent plastic strain rate, ψ the reference strain rate and m a constant depending on strain rate and temperature. For the combination of both phases the equation becomes
where ϕ 0 and q are introduced to describe the non-linear relation between the flow stresses as a mixture rule. The evolution of the dislocation density in the austenite and martensite is described as follows:
where C 1i , C 2i , C 3i are material constants and C 4i depends on temperature and strain rate. The constants are not directly related to physical phenomena but are chosen to fit the experiments.
To describe the recovery effect for the dislocation transfer during transformation the following equation is introduced:
where C 9 is a constant that depends on temperature and C 10 depends on the transformation boundary. For more details on the model, the reader is referred to [4] .
IMPLEMENTATION OF THE LUP MATERIAL MODEL
The elasto-plastic constitutive model is based on a hypoelastic relation between the objective Jaumann rate of the Cauchy stress tensor
• σ and the elastic strain rate tensor D e ; combining this relation with the additive decomposition of the total strain rate tensor into an elastic, a plastic and a part related to the transformation plasticity
The thermal changes of the stress tensor are neglected. In ((15)) the isotropic elastic fourth order stiffness tensor is given by:
with E and ν are Young's modulus and Poisson's ratio, respectively. The plastic strain rate tensor is determined by assuming an associative flow rule, in which the direction of plastic flow is defined by the normal on the yield surface
in whichλ is the plastic multiplier, which determines the amount of the plastic strain rate tensor, and n is normal to the yield surface F :
with the deviatoric stress s ij = σ ij − 1 3 σ kk δ ij and K is the hardening law as function of the effective plastic strain ε p defined as
In order to integrate the plastic rate constitutive equations, the so-called implicit radial return method will be used [5, 6] . It is, in fact, a particular form of the backward Euler method, in the sense that the return mapping algorithm is performed in the deviatoric space.
The stress update during plastic deformation
In CRYSTAL, strain increments are calculated from the displacement increments using a midpoint rule. Therefore, the constitutive equation (15) can be integrated by a conventional small strain return mapping.
As the constitutive model is based on J 2 -plasticity, the radial return method is ideally suited to calculate the stresses during plastic deformation. The method is based on an operator-split methodology, in which first the entire increment is assumed to be elastic, and second, if necessary, an iterative elasto-plastic corrector step is initiated. The deviatoric elastic trial stress is defined as:
with e n+1 is the deviatoric strain tensor. The stress update equation is given by
The incremental plastic multiplier △λ is solved iteratively according to the radial return procedure [6] . The expression for the iterative value of the incremental plastic multiplier is given by:
in which F i is the yield function at the previous iteration, and K ′ = ∂K/∂κ. The resulting deviatoric stresses can then be calculated from (21). The hydrostatic part of the stresses is constant during the radial return and is determined from the hydrostatic part of the trial stress. The expression for the Cauchy stress tensor at the end of the increment is now:
Stress update including transformation plasticity
Transformation plasticity is taken into account by modifying the deviatoric part of the constitutive equations according to:
Here,ė trip is the (deviatoric) transformation plasticity strain rate tensor, defined aṡ e trip =φAn =φ(A * σ eq ) 3 2
in which A * = A/σ eq and a linear dependency has been assumed between A and σ eq . For the elastic part (including trip effects, i.e.ė p = 0), the constitutive equations (24) can be written as a set of differential equations according toṡ
in which C = 2µė and B = 3µφA * . The solution can be written as
At t = 0, we have: s (t = 0) = s 0 = λ + C /B from which it follows that λ = s 0 − C /B. We thus obtain the final solution for the deviatoric stresses:
In the elastic case, the stresses can thus be calculated according to (28). In the case of plastic deformation, the trip strains are incorporated by assuming that the work hardening function K is not a function of the equivalent plastic strain only, but of the summation of the equivalent plastic strain and the equivalent trip strain:
This means that only the sum of plastic and trip strains are calculated in the case of plastic deformation.
Integration of the LUP model
Integration of the Lup-equations (4) is achieved by applying the trapezoidal rule, for which the begin and end incremental value are needed. These two values are determined by a simple predictor-corrector scheme
in which p 0 j is the begin increment value, ∆p p i is the predictor value of ∆p i and ∆p c i is the corrector value of ∆p i . Of course, the final step (31) corresponds to the trapezoidal rule.
The application of the predictor-corrector scheme relies on the fact that the predictor value is a good approximation for the final value. However, the character of the differential equation for the hydrostatic stress (which is in fact a depending variable in the model) that is caused by the transformation from austenite to martensite, as defined by the LUP-tables, appeared to be very stiff: the transformation to martensite causes dilatational strains. Consequently, these strains result in hydrostatic stresses, which will have an adverse effect on the martensite transformation rate. This even resulted in values with opposite signs for the predictor △p p j and the final value of the hydrostatic stress increment △p i . This can be explained by the fact that a positive value of the hydrostatic stress predictor △p p j results in a density decrease which in turn gives rise to a decrease of the hydrostatic stress value. In the scheme, the corrector step (30) has been reformulated as:
This strong non-linearity is solved in a robust way by an inner iterative Newton-Raphson loop combined with a Brent algorithm. In fact, this inner iterative loop is performed after each radial return iteration as the quantities in the LUP-model are dependent on the quantities that are determined in the radial return mapping (i.e., stresses, (equivalent) plastic strains, and the resulting transformation).
MULTI STAGE FORMING PROCESS
The main purpose for developing the material model for Sandvik Nanoflex TM is the accurate calculation of multi stage metal forming processes. These kind of processes are normally realized in practice for stamping mass production metal parts, using progressive tooling. To validate the model and its robustness, a multi stage process consisting of 3 stamping steps is defined, see The total production process consist of different steps:
1. stamping step: a simple deep drawing operation, 2. waiting step which simulates the transport of the product from stamping step 1 to 2. During this step the temperature will change, stress assisted martensite will be formed and as a reaction on the transformation, the residual stresses will decrease, 3. stamping step, a second deepdrawing step, 4. waiting step, simulating the transport from stage 2 to stage 3, 5. stamping step: biaxial stretching in reverse direction, 6. waiting step: this is the time from stamping up to austenitising, 7. austenitising during 30 minutes at 1373 K, during this austenitising the material becomes instable,
8. an isothermal transformation step at 223 K during 24 hours, 9. precipitation step during 15 min at 823 K.
During the stamping process the product will become partly martensitic, during waiting this transformation continues. After austenitising, the product is fully austenitic and during isothermal transformation it will become martensitic again on a level of about 60% to 80 %. During this transformation process, transformation, transformation plasticity and dilatation strains will occur, resulting in dimensional changes of the product shape. Step one of the process. Step three of the process. Step five of the process.
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FIGURE 7.
A picture of the final product.
step 2, 4 and 6 using an automatic measuring method with image processing [7] . In this method the first step is to measure the product contour. The second step is measuring of the martensite content by means of image analysing.
Conclusions
The CRYSTAL solver is able to cope with the complex material behaviour in a robust way including transformation plasticity and dilatational effects. The Lookup table approach appears successful to implement arbitrary material behaviour in a flexible way. The simulation results show good agreement with the experimental results.
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